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Faithful cell-cycle progression is tightly con-
trolled by the ubiquitin-proteasome system.
Here we identify a human Cullin 3-based E3
ligase (Cul3) which is essential for mitotic divi-
sion. In a complex with the substrate-specific
adaptors KLHL9 and KLHL13, Cul3 is required
for correct chromosome alignment in meta-
phase, propermidzone andmidbody formation,
and completion of cytokinesis. This Cul3-based
E3 ligase removes components of the chromo-
somal passenger complex from mitotic chro-
mosomes and allows their accumulation on
the central spindle during anaphase. Aurora B
directly binds to the substrate-recognition do-
main of KLHL9 and KLHL13 in vitro, and coim-
munoprecipitates with the Cul3 complex during
mitosis. Moreover, Aurora B is ubiquitylated in a
Cul3-dependent manner in vivo, and by recon-
stituted Cul3/KLHL9/KLHL13 ligase in vitro.
We thus propose that the Cul3/KLHL9/KLHL13
E3 ligase controls the dynamic behavior of
Aurora B onmitotic chromosomes, and thereby
coordinates faithful mitotic progression and
completion of cytokinesis.
INTRODUCTION
During mammalian cell division, genetic material has to
be duplicated during S phase, followed bymitosis in which
the two copies of each chromosome are segregated into
daughter cells. Mitosis must be highly coordinated such
that each daughter cell receives an exact copy of the
whole genome. Defects in chromosome segregation can
cause genetic instability and aneuploidy, which has been
causally linked to tumorigenesis (Lengauer et al., 1998).
The spindle assembly checkpoint ensures that sister chro-
matid segregation in anaphase does not take place before
all chromosomes are properly aligned at the metaphaseDeveloplate (Kadura and Sazer, 2005). Following successful
chromosome segregation, the spindle microtubules un-
dergo a dramatic reorganization and the anaphase central
spindle or spindle midzone is formed, which plays an
important role during subsequent cytokinesis (Glotzer,
2005; McCollum, 2004). Cytokinesis begins with the as-
sembly of a contractile actomyosin ring. Its contraction re-
sults in the formation of the midbody, which is composed
of the remnants of the spindle midzone. In the final step,
the actomyosin ring disassembles and the plasma mem-
branes resolve in a process called abscission (Glotzer,
2001). Cytokinesis cannot be completed if chromosomes
are pulled apart erroneously, or if the anaphase spindle
midzone is not formed properly (Meraldi et al., 2004; Mul-
lins and Biesele, 1977). In mammalian cells, abscission
fails in such cases, leading to regression of the cleavage
furrow and the formation of multinucleated cells (Glotzer,
2005; McCollum, 2004).
The chromosomal passenger complex comprises
a group of proteins including Aurora B, INCENP, Survivin,
and Borealin, which coordinate chromosome segregation
with cytokinesis (Vagnarelli and Earnshaw, 2004). During
early mitotic stages they localize to centromeres, where
they regulate kinetochore assembly and function (Gorb-
sky, 2004). In animal cells, inhibition of Aurora B kinase
activity leads to defects in chromosome alignment and
spindle assembly checkpoint signaling (Ditchfield et al.,
2003; Hauf et al., 2003). Mitotic phosphorylation of histone
H3 (Hsu et al., 2000) and the related centromere protein
CENP-A is regulated by Aurora B kinase, and a nonphos-
phorylatable CENP-A mutant protein inhibits completion
of cytokinesis (Zeitlin et al., 2001). Following the onset of
anaphase, the chromosomal passenger proteins accumu-
late at the central spindle region, where they ensure com-
pletion of cytokinesis (Gassmann et al., 2004; Honda et al.,
2003; Tatsuka et al., 1998; Terada et al., 1998). The cyto-
kinesis defects in cells lacking Aurora B might emerge
from mislocalization of the midzone motor protein
MKLP1 (Guse et al., 2005; Kaitna et al., 2000). The levels
of Aurora B kinase are regulated through the cell cycle
both at the level of mRNA and protein (Shu et al., 2003;
Stewart and Fang, 2005). Moreover, ubiquitylation ofpmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 887
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ation with centromeres and contribute to chromosome
biorientation and segregation (Vong et al., 2005).
Ubiquitylation and subsequent degradation of key reg-
ulators is indispensable for cell-cycle progression (Pines,
2006). In this pathway, ubiquitin is covalently attached to
a substrate by coordinated cycles of three enzymatic
reactions, ubiquitin activation (E1 enzyme), ubiquitin con-
jugation (E2 enzyme), and ubiquitin ligation (E3 ligase). The
polyubiquitylated substrate is often proteolytically de-
graded by 26S proteasomes. Substrate specificity is
achieved by the presence of substrate-recognition mod-
ules in E3 ligases. The BTB (Bric-a-brac/Tramtrack/Broad
complex) domain-containing proteins function as sub-
strate adaptors in Cul3-based ligases (Pintard et al.,
2004). In mammalian cells, only a few substrates and their
targeting BTB adaptors have currently been identified in
vivo. For example, the Cul3/Keap1 complex regulates
ubiquitylation of the transcription factor Nrf2, which con-
trols the expression of antioxidant genes (Cullinan et al.,
2004; Furukawa and Xiong, 2005). The Cul3/KLHL12 com-
plex degrades Dishevelled, thereby controlling Wnt sig-
naling during development (Angers et al., 2006). Finally,
Cyclin E has been proposed to be ubiquitylated in
a Cul3-dependent manner, implying a possible role of
Cul3 in cell-cycle regulation (Singer et al., 1999).
In this study, we show that a Cul3-based E3 ligase plays
an essential role during mitotic division and is required for
proper chromosome alignment in metaphase, assembly
of the spindle midzone and midbody, and finally for com-
pletion of cytokinesis. Importantly, we identify the BTB
substrate-specific adaptors KLHL9 and KLHL13, which
in a complex with Cul3 regulate the dynamic localization
of the chromosomal passenger protein Aurora B on mi-
totic chromosomes and its accumulation on the central
spindle after anaphase onset. Aurora B directly binds to
the KLHL9 and KLHL13 adaptors via their substrate-
recognition domains and is ubiquitylated in vivo and
in vitro in a KLHL9/13-dependent manner. We propose
that the Cul3/KLHL9/KLHL13 E3 ligase controls the
dynamic behavior of Aurora B on mitotic chromosomes,
and thereby coordinates faithful mitotic progression and
completion of cytokinesis.
RESULTS
Cul3 Is Required for Completion of Cytokinesis
in Human Cells
To address the function of human Cullin 3 (Cul3), we de-
pleted Cul3 by RNA interference (RNAi) in synchronized
HeLa cells using a double thymidine arrest/release proto-
col. The RNAi efficiency was monitored by immunoblot-
ting (see Figure S1A in the Supplemental Data available
with this article online) and immunofluorescence with spe-
cific Cul3 antibodies (Figures S2A and S2B). Interestingly,
cells lacking Cul3 failed to complete cytokinesis within
the first 24 hr upon release from the G1/S phase block
(Figure 1A; Figure S1B). In contrast to control transfec-
tions, over 30% of the cells contained two or more nuclei888 Developmental Cell 12, 887–900, June 2007 ª2007 Elsevie(Figure 1B), implying that almost all dividing Cul3-depleted
cells failed to complete cytokinesis.
Time-lapse video microscopy of Cul3-depleted HeLa
cells stably expressing an EGFP-tagged version of histone
H2B (Kanda et al., 1998) showed that although the cyto-
kinetic furrow ingressed efficiently, it subsequently re-
gressed and no abscission occurred (Figure S3C). These
experiments also revealed that depletion of Cul3 delayed
the onset of anaphase. Whereas control transfected cells
aligned their chromosomes on the metaphase plate within
1 hr after chromosome condensation, Cul3-depleted cells
remained in a metaphase-like stage for 2–3 hr before en-
tering an abnormal anaphasewithout completing a correct
metaphase chromosome alignment (Figures S3A and
S3B). More detailed analysis revealed that 55% and 70%
of metaphase cells contained one or more misaligned
chromosomes 10 and 24 hr, respectively, after thymidine
release, compared to 16%and 8% in control cells (Figures
1C and 1D). Altogether, these data suggest that Cul3 is
required for proper mitotic progression, in particular chro-
mosome alignment and completion of cytokinesis.
The Integrity and Organization of the Spindle
Midzone in Anaphase Depends on Cul3
To understand the mechanism of the cytokinesis failure in
Cul3-depleted cells, we analyzed the organization of the
central spindle and midbody components in anaphase
and telophase cells. Immunofluorescence experiments
showed that Cul3 was present around the midzone region
during anaphase, and was recruited to the midbody dur-
ing cytokinesis (Figure 2C; Figure S2). Interestingly, the
kinesin-like protein MKLP1, one of the crucial regulators
of central spindle assembly (Adams et al., 1998), failed
to localize properly to the equatorial plane of anaphase
spindles and to midbodies in Cul3-depleted but not in
control cells (Figure 2A). Moreover, Cul3-depleted cells
were unable to assemble an organized midbody and the
localization of the chromosomal passenger Survivin was
abolished (Figures 2B and 2C). Together, these results
suggest that Cul3 is required for the organization and
integrity of the midzone region and the midbody, and it
is thus likely that the cytokinesis failure of Cul3 RNAi cells
results from the incorrect localization of the central spindle
components.
The BTB-Containing Proteins KLHL9 and KLHL13
Interact with Cul3 In Vivo and Are Required
for Its Function during Mitosis and Cytokinesis
To understand how Cul3 regulates mitosis, we next ana-
lyzed the composition of Cul3-based protein complexes.
Like other cullins (data not shown), Cul3 fractionated as
a large protein complex of approximately 370 kDa in gel-
filtration chromatography (Figure 3D), and sedimented in
density-gradient centrifugation experiments with the value
of 10S (Figure 3C). To identify the relevant substrate-
specific adaptors of the Cul3-based E3 ligase, we immu-
noprecipitated HeLa cell extracts with Cul3 antibodies
and analyzed copurifying proteins by mass spectrometry
analysis (Figure 3A; Table S1). The six associated proteinsr Inc.
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The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 1. Cul3 Is Required for Chromosome Alignment and Completion of Cytokinesis in Human Cells
HeLa cells were synchronized at theG1/S transition by double thymidine treatment, and transfectionmixtures with (Cul3 RNAi) or without Cul3 siRNAs
(Control RNAi) were added before the second thymidine block. Cells were released and analyzed by phase contrast and immunofluorescence
microscopy after 10 hr (C and D) or 24 hr (A, B, and D).
(A) Control and Cul3-depleted cells were immunostained with antibodies against a-tubulin (green, lower row) and counterstained with DAPI to visu-
alize DNA (blue). Multinucleated cells are indicated by arrows. The scale bar represents 10 mm.
(B) The percentage of cells with one, two, and three nuclei in control (white bar) and Cul3-depleted cells (RNAi oligos 1 and 2, gray and black bars,
respectively) was determined after 24 hr by counting at least 500 cells for each category.
(C) Control (upper row) and Cul3-depleted cells (lower row) were stained as indicated with antibodies against CREST and a-tubulin, and DNA staining
with DAPI visualized the chromosomes. Note that many misaligned chromosomes (indicated by arrows) are observed in Cul3 RNAi but not in control
cells. The scale bar represents 10 mm.
(D) The percentage of control (white bars) and Cul3-depleted (black bars) metaphase cells containing misaligned chromosomes was scored 10 and
24 hr after release from the second thymidine block. Metaphase cells were classified when chromosomes achieved congression to the equatorial
plane and established a bipolar spindle.BTBD1, BTBD2, Kelch-like Q96B68, Kelch-like 12, Kelch-
like 9 (KLHL9), and Kelch-like 13 (KLHL13) contained
a highly conserved BACK motif (BTB and C-terminal
Kelch), predicted toplay a role to spatially orient substrates
in Cul3-based E3 ligases (Stogios and Prive, 2004). Inter-
estingly, four of these BTB proteins also contain a tandem
of six short (50 amino acid) Kelch motifs, which are often
found in proteins associated with cytoskeletal functions
(Adams et al., 2000) and are predicted to form a b propel-
ler-like protein interaction surface, a putative substrate-
recognition domain (Stogios and Prive, 2004). Consistent
with their role as substrate-specific adaptors, both human
KLHL9 and KLHL13 partially cofractionated and cosedi-
mented with Cul3 in gel-filtration and density-gradient
centrifugation experiments (Figures 3C and 3D), and inter-
acted with Cul3 by coimmunoprecipitation with KLHL9-
and KLHL13-specific antibodies (Figure 3B).DevelRNAi depletion of the six Cul3-associated BTB proteins
revealed that only KLHL9 and KLHL13 were required for
mitotic progression and completion of cytokinesis (data
not shown). In fact, 24 hr after thymidine release, 27% of
KLHL9-depleted cells were multinucleated and an addi-
tional 9% showed a ‘‘butterfly’’-like nuclear appearance,
characteristic of incomplete chromosome segregation.
Similarly, depletion of KLHL13 led to 18% multinucleated
cells and 27%cells with a butterfly-like nucleus, compara-
ble to cells lacking Cul3 (30% and 19%, respectively)
(Figure 3E; Figure S4A). Moreover, time-lapse video
microscopy of KLHL9-depleted HeLa cells expressing
histone H2B-EGFP showed that similarly to inactivation
of Cul3, the cytokinetic furrow ingressed efficiently but
then regressed, leading to failure in abscission (Fig-
ure S3D). The efficiency of the RNAi depletion of KLHL9
and KLHL13 proteins was confirmed by western blottingopmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 889
Developmental Cell
The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 2. The Integrity and Organization of the Anaphase Spindle Midzone and the Midbody Depends on Cul3
(A) Control and Cul3-depleted cells were released from the second thymidine block as described in Figure 1, and the localization of MKLP1 was
analyzed after 10 hr by immunofluorescence. Microtubules were visualized with a-tubulin antibodies and DNA was stained by DAPI.
(B and C) The midbodies of control and Cul3-depleted cells stained with a-tubulin, Cul3 (C), and Survivin (B) antibodies are shown in higher magni-
fication. Note that anaphase spindles and midbodies are misorganized in the absence of Cul3.
The scale bars represent 10 mm.890 Developmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc.
Developmental Cell
The Cul3 E3 Ligase Regulates Mitotic Progressionanalysis (Figures S4B and S4C). Importantly, depletion of
KLHL9 (68%) and to a lesser extent KLHL13 (34%) also
resulted in the accumulation of cells with misaligned chro-
mosomes, compared to 66% of cells showing this pheno-
type after Cul3 depletion (Figure 3F). The defects caused
by depletion of KLHL9 and KLHL13 were not additive,
suggesting that these BTB adaptors may function in the
same pathway. Based on these results, we conclude
that Cul3 associates with the substrate adaptors KLHL9
and KLHL13 to regulate efficient chromosome alignment
and cytokinesis in vivo.
The Cul3/KLHL9/KLHL13 Complex Regulates Aurora
B Localization on Mitotic Chromosomes
The phenotype of Cul3-, KLHL9-, and KLHL13-depleted
cells is strikingly similar to cells defective for the function
of chromosomal passenger proteins, in particular the
Aurora B kinase (Vagnarelli and Earnshaw, 2004). Although
Aurora B levels are cell-cycle regulated (Figure 4A), west-
ern blotting revealed only slightly increased levels of
Aurora B protein in KLHL9- and KLHL13-depleted cells
at 10 or 14 hr after thymidine release (Figure 4B, and
data not shown), suggesting that the bulk protein degra-
dation of Aurora B during mitosis does not depend on
a functional Cul3 complex. Interestingly, however, indirect
immunofluorescence microscopy showed that Aurora B
was distributed along the entire chromosome arms in
Cul3-, KLHL9-, and KLHL13-depleted cells (Figure 4C
and insets; Figure S5). In control cells, Aurora B remained
focused at the centromere region between the two kinet-
ochores upon chromosome condensation, as visualized
by the dotted localization pattern on prometa- and meta-
phase chromosomes. A similar behavior, albeit less dra-
matic, was also observed for the chromosomal passenger
protein Survivin (Figure S5). Quantification of the signal in-
tensities revealed that the chromosomal staining of Aurora
B was increased 3.5- to 4.5-fold in Cul3-, KLHL9-, and
KLHL13-depleted prometa- and metaphase cells com-
pared to RNAi controls (Figure 4D). These results suggest
the Cul3/KLHL9/KLHL13 E3 ligase regulates Aurora B
localization on mitotic chromosomes possibly by inhibit-
ing its efficient removal from chromosome arms. To inves-
tigate whether this local regulation also occurs during later
stages of mitosis, we analyzed Aurora B localization dur-
ing anaphase. Strikingly, Aurora B and to a lesser extent
Survivin failed to dissociate from segregating chromo-
somes during anaphase in Cul3-, KLHL9-, and KLHL13-
depleted cells (Figure 5A). As a consequence, histone
H3 remained strongly phosphorylated on serine 10, in
contrast to control anaphase cells in which only a weak
phosphorylation signal remained at this stage (Figure 5B).
Interestingly, the mitotic defects caused by the lack of the
Cul3/KLHL9/KLHL13 E3 ligase were mimicked by a short
pharmacological inhibition of the 26S proteasome (Fig-
ures S6A–S6C, and data not shown), implying that protea-
somal activity might be directly or indirectly required to
remove Aurora B from chromosomes. Altogether, our data
indicate that the Cul3/KLHL9/KLHL13 E3 ligase regulates
chromosomal dynamics of Aurora B during mitosis.DeveloAurora B Interacts with the Cul3 Complex during
Mitosis and Is Ubiquitylated in a Cul3-Dependent
Manner In Vivo and In Vitro
To determine whether Aurora B may be a direct target
of the Cul3/KLHL9/KLHL13 E3 ligase, we tested whether
Aurora B physically binds to the Cul3 complex. We immu-
noprecipitated Cul3 and the BTB adaptors KLHL9 and
KLHL13 from extracts prepared from unsynchronized
HeLa cells. In contrast to INCENP, Aurora B specifically
interacted with Cul3 and KLHL9, and to a lesser extent
with KLHL13 (Figure 6A). Coimmunoprecipitation experi-
ments with Cul3 antibodies from synchronized HeLa cells
showed that Aurora B associates with the Cul3 complex
preferentially during mitosis (Figure 6B; Figure S7A). To
test whether Aurora B directly interacts with the Cul3 com-
plex, we bacterially expressed and purified GST fused to
the six Kelch repeats of KLHL9 and KLHL13, which consti-
tute a putative substrate-binding domain (Adams et al.,
2000). Indeed, recombinant Aurora B strongly interacted
in vitro with the GST-Kelch repeats of KLHL9 and
KLHL13 but not with GST alone (Figure 6C). These results
suggest that the Cul3/KLHL9/KLHL13 E3 ligase physically
binds Aurora B.
To determine whether Aurora B is ubiquitylated in
a Cul3- and KLHL9/13-dependent manner in vivo, we
immunoprecipitated ectopically expressed GFP-Aurora
B and analyzed the precipitates by immunoblotting with
GFP antibodies (Figure 6D). Aurora B was readily modified
upon inhibition of the 26S proteasome, and this modifica-
tion was strongly reduced in cells lacking the KLHL9 and
KLHL13 substrate-specific adaptors (Figure 6D). To test
whether this modification corresponded to the polyubiqui-
tylation, we immunoprecipitated Aurora B with specific
antibodies and analyzed the precipitates by immunoblot-
tingwith ubiquitin antibodies. Aurora Bwas ubiquitinmod-
ified in control but not in Cul3-depleted cells (Figure 6E).
Based on these results, we conclude that the Cul3/
KLHL9/KLHL13 ligase is required for ubiquitylation of
Aurora B in vivo. To test whether Cul3/KLHL9/KLHL13
complexes are sufficient to ubiquitylate Aurora B in vitro,
we coexpressed and purified the components of the
Cul3 complex from insect cells (Figure S7B) and analyzed
its ubiquitylation activity toward recombinant Aurora B in
vitro. Aurora B was readily polyubiquitylated, and this
modification required Cul3 and the presence of ubiquitin
(Figure 6F). Importantly, the addition of the substrate
adaptors KLHL9 and KLHL13 increased polyubiquitylation
of Aurora B more than 3-fold (Figure 6F). Taken together,
these results suggest that the Cul3/KLHL9/KLHL13 ligase
ubiquitylates Aurora B on mitotic chromosomes, which
appears to be important to coordinate faithful mitotic
progression and completion of cytokinesis (Figure 7).
DISCUSSION
We identified Cul3 in complex with the substrate-specific
adaptors KLHL9 and KLHL13 as an essential mitotic reg-
ulator which coordinates chromosome attachment, seg-
regation, and completion of cytokinesis in human cells.pmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 891
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The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 3. The BTB-Containing Proteins KLHL9 and KLHL13 Form a Stable Complex with Cul3 In Vivo and Are Required for
Chromosome Alignment and Completion of Cytokinesis
(A) Immunoprecipitates (IP) obtained with either Cul3 (IP Cul3) or nonspecific control antibodies (IP IgG) prepared from low-speed extracts of loga-
rithmically growing HeLa cells were analyzed by SDS-PAGE and silver staining. The positions of neddylated (Nedd-Cul3) and unmodified Cul3, as well892 Developmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc.
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KLHL13 activity is required to remove the chromosomal
passenger protein Aurora B from mitotic chromosomes,
and that Aurora B is ubiquitylated in vivo and in vitro in
a KLHL9/13-dependent manner. We conclude that the
Cul3/KLHL9/KLHL13 E3 ligase is an important cell-cycle
regulator which, in addition to the anaphase-promoting
complex (APC), coordinatesmitotic progression and com-
pletion of cytokinesis.
Identification of a Cul3-Based E3 Ligase Complex
Containing BACK- and Kelch-Domain Proteins
Available evidence suggests that many BTB proteins
function as substrate-specific adaptors of Cul3-based
E3 ligases in various species (Pintard et al., 2004). Indeed,
our biochemical purification of the endogenous human
Cul3 complex revealed six stably associated BTB pro-
teins, including KIAA1354 (corresponding to KLHL9),
KIAA1309 (corresponding to KLHL13), and BTBD1, which
were previously observed to bind Cul3 using immunopre-
cipitation of overexpressed epitope-tagged proteins (Fur-
ukawa et al., 2003). Interestingly, all six Cul3-associated
proteins contain the previously identified BACK motif
(BTB and C-terminal Kelch) (Stogios and Prive, 2004),
which is found in 53 of the total 205 known human BTB
proteins. In structural predictions, the BTB domain corre-
sponds to the N-terminal part of Skp1 in SCF E3 ligases
(Skp1/Cul1/F box), whereas the BACK motif replaces the
last three helices of Skp1 and contains the a-helical region
of the F box motif. Thus, the BACK domain positions the
C-terminal b propeller Kelch repeats for substrate recog-
nition and thereby plays an important structural role in
Cul3-mediated degradation (Stogios and Prive, 2004).
The crystal structure of BTB domains demonstrates
their ability to form stable dimers, and self-association of
BTB proteins has been observed in vivo (Ahmad et al.,
1998, 2003). The fact that we observe coimmunoprecipi-
tation of KLHL9 with KLHL13 may suggest that either
these proteins can form homo- and heterodimers or that
the Cul3 complexes form dimers themselves, which has
been documented for Cul3 (Wimuttisuk and Singer,
2007) and other cullins (Chew et al., 2007). Functionally,
we show that downregulation of KLHL9 and KLHL13 indi-
vidually and in combination results in similar Aurora B
defects. Thus, it is likely that KLHL9 and KLHL13 interactDevelowith Cul3 as a heterodimer that may, however, assemble
into higher-order complexes in vivo.
The Mitotic Defects of Cells Lacking Cul3/KLHL9/
KLHL13 Activity May Result from Altered
Localization of Aurora B
Depletion of Cul3/KLHL9/KLHL13 activity results in multi-
ple mitotic defects, including chromosome-spindle at-
tachment, formation of the midzone spindle region, and
cytokinesis failure. Although we cannot exclude that ubiq-
uitylation of different Cul3 substrates may control these
mitotic processes, it is intriguing that all these events are
regulated by the activity of the chromosomal passenger
complex (CPC) (Vagnarelli and Earnshaw, 2004). At earlier
mitotic stages, the CPC is localized to centromeres of the
aligning chromosomes, but rapidly accumulates at the
central midzone region after anaphase onset and finally
concentrates on the midbody during cytokinesis (Vader
et al., 2006). Centromeric CPC regulates the attachment
of microtubules to kinetochores during prometaphase
and Aurora B kinase is probably the most upstream regu-
lator of the spindle assembly checkpoint pathway, which
monitors both chromosome attachment and tension
(Vigneron et al., 2004). During anaphase, midzone recruit-
ment of MKLP1 by INCENP is the crucial step for midbody
formation and completion of cytokinesis (Zhu et al., 2005),
and efficient Aurora B targeting to the midzone is required
for cytokinesis (Gruneberg et al., 2004). It appears that
defects in the spindle midzone often cause the furrow to
regress, leading to the formation of binucleated cells
(Glotzer, 2005; McCollum, 2004). Thus, the uncovered
regulation of the CPC complex by the Cul3/KLHL9/
KLHL13 E3 ligase may explain most if not all of the
observed mitotic defects.
The Cul3/KLHL9/KLHL13 E3 Ligase Is Required
for Removal of Aurora B from Mitotic Chromosomes
Fluorescence recovery after photobleaching (FRAP) anal-
ysis suggested the existence of two differentially regu-
lated fractions of the CPC component Aurora B: the chro-
mosomal fraction appears highly dynamic and rapidly
exchanges with the cytoplasmic pool, whereas Aurora B
associated with the central spindle is stable (Murata-Hori
and Wang, 2002a). Our results suggest that the Cul3/
KLHL9/KLHL13 E3 ligase specifically regulates theas the associated BTB fold-containing proteins as determined bymass spectrometry sequencing analysis, aremarked by arrows. The positions of the
molecular weight markers (MM) are indicated on the left (in kDa).
(B) Low-speed supernatants of extracts prepared from logarithmically growing HeLa cells were analyzed by immunoprecipitation (IP) with either non-
specific control antibodies (Control IP) or antibodies against KLHL9, KLHL13, and Cul3. The immunoprecipitates (right panel) or the supernatants
(Sup) after the IPs (left panel) were analyzed by immunoblotting with antibodies against the indicated proteins.
(C and D) Extracts prepared from exponentially growing HeLa cells were separated on sucrose-gradient (C) and gel-filtration chromatography (D), and
the fractions (numbered on top) were analyzed by immunoblotting with antibodies to the indicated proteins. The positions of marker proteins with
known sedimentation value (S) or molecular weight (kDa) are indicated (arrows). An aliquot of the extract prior to gel-filtration chromatography is
included in (D) (Load).
(E and F) HeLa cells were transfected and synchronized by the double thymidine block/release protocol, and analyzed by immunofluorescence 10 and
24 hr after the second thymidine release. (E) The percentage of control or the indicated RNAi-treated cells with a single nucleus (white bar), ‘‘butterfly’’-
like nucleus (gray bar), or multiple nuclei (black bar) was determined by counting at least 500 cells for each category. (F) The percentage of metaphase
cells containing one or more misaligned chromosomes was scored 24 hr after the second thymidine release in cells transfected with control, Cul3,
KLHL9, KLHL13, or both KLHL9 and KLHL13 siRNAs. White bars: cells with aligned chromosomes; black bars: cells with misaligned chromosomes.pmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 893
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The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 5. Cul3/KLHL9/KLHL13 Complexes Regulate the Localization of Aurora B in Anaphase
Cells were synchronized by the double thymidine block/release protocol and transfected with control oligos, Cul3, KLHL9, or KLHL13 RNAi duplexes.
(A) Cells were fixed and immunostained with antibodies against Aurora B (green, left column), Survivin (right column), and CREST serum to visualize
kinetochores (red). DNA was stained with DAPI (blue). Note that Aurora B remains on segregating chromosomes after anaphase onset.
(B) Cells were fixed and immunostained with antibodies against phosphorylated histone H3 (green, right column) and CREST serum to visualize
kinetochores (red). DNA was counterstained with DAPI (blue). Arrows point to segregating chromosomes of anaphase cells.dynamic localization of Aurora B on chromosomes and
thereby blocks its accumulation at the spindle midzone.
Consistent with this hypothesis, Cul3 accumulates around
chromosomes during mitosis, and concentrates at the
spindle midzone region during anaphase. While total Au-
rora B levels only slightly increase during mitosis, Aurora
B accumulates on prometa- and metaphase chromo-
somes and spreads along chromosome arms in the ab-
sence of Cul3/KLHL9/KLHL13 activity. Moreover, Aurora
B fails to dissociate from segregating chromosomes dur-
ing anaphase, and remains active throughout chromo-
some segregation.DevelWhat may be the mitotic target of the Cul3/KLHL9/
KLHL13 E3 ligase complex? It is possible that the Cul3
complex ubiquitylates and thereby regulates an unknown
chromosome-bound factor required for Aurora B localiza-
tion in meta- and anaphase. Indeed, a ternary complex
comprised of Survivin, Borealin, and an N-terminal frag-
ment of INCENP is necessary and sufficient for centro-
mere targeting of Aurora B, and the Borealin subunit
may directly bind centromeric DNA (Klein et al., 2006).
Although we cannot rigorously exclude that regulation of
another component of this complex is responsible for
the dynamic mitotic localization of Aurora B, several linesFigure 4. The Cul3/KLHL9/KLHL13 Complex Regulates the Localization of Aurora B on Mitotic Chromosomes
(A) Cells were synchronized at the G1/S transition by double thymidine treatment, and the marked proteins were analyzed by immunoblotting of
extracts prepared at the indicated time points after release from the second thymidine block (in hr). Hydroxyurea (H)- or nocodazole (N)-arrested cells
were included as controls.
(B) Cells were synchronized as in (A) and transfected with control, KLHL9, and KLHL13 siRNAs before the second thymidine addition. Cell lysates
were prepared after the times indicated (in hr) and analyzed by immunoblotting with antibodies to the indicated proteins.
(C and D) Cells were synchronized by the double thymidine block/release protocol, and transfected with control oligos or KLHL9 RNAi duplexes.
(C) Cells were fixed and immunostained with antibodies against Aurora B (green, left column) or CREST serum to visualize kinetochores (red, right
column). DNA was stained with DAPI (blue). Boxes in the left column outline the areas that have been magnified in the panels below. The scale
bar represents 10 mm. Note that Aurora B accumulates on mitotic chromosomes and spreads along the chromosome arms (arrowheads). (D) Aurora
B levels on mitotic chromosomes (prometaphase andmetaphase) of at least 50 cells in each category were quantified. Black bars indicate the ratio of
pixel intensity to selected chromosome areas.opmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 895
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The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 6. Aurora B Interacts with the Cul3 Complex and Is Ubiquitylated in a Cul3-Dependent Manner In Vivo and In Vitro
(A) Low-speed extracts prepared from logarithmically growing HeLa cells were analyzed by immunoprecipitation (IP) with either nonspecific (Control
IP) or antibodies against KLHL9, KLHL13, and Cul3, and the precipitates were immunoblotted with antibodies to the indicated proteins. Supernatants
after the IPs (Sup) are shown in the left panel.
(B) Cells were synchronized at the G1/S transition by the double thymidine block/release protocol, and extracts prepared at the indicated time points
after release (in hr) were analyzed by immunoblotting (Figure S7A) and immunoprecipitation with Cul3 (IP Cul3) and nonspecific control antibodies
(IP IgG). Cells arrested in S phase with hydroxyurea (H) or in mitosis with nocodazole (N) were included as controls. The immunoprecipitates were
analyzed by immunoblotting with the indicated antibodies (right panel). The presence of the IgG heavy chain (IgG HC) controls equal loading of
the immunoprecipitates. Note that Aurora B but not INCENP interacts with the Cul3 complex in a mitosis-specific manner.
(C) Recombinant Aurora Bwas incubated with or without bacterially expressed GST fusion proteins corresponding to the tandem of six Kelch repeats
of KLHL9 (GST-6K-9) and KLHL13 (GST-6K-13) or GST alone (Inputs). Inputs and GST-bound proteins were recovered on glutathione beads (GST-
IPs), and analyzed by SDS-PAGE, Coomassie blue staining, and immunoblotting with Aurora B antibodies. The positions of the recombinant proteins
are indicated by arrows.
(D) HeLa cells ectopically expressing GFP-tagged Aurora B (Aurora B-GFP) were treated with MG132 or with solvent control, and both KLHL9 and
KLHL13 proteins were downregulated by RNAi as indicated (Inputs). Extracts were immunoprecipitated with beads coated with GFP antibodies
(IP GFP) and analyzed by immunoblotting with antibodies to GFP. Both short (GFP-short, lower panel) and long (GFP-long, upper panel) exposures
are shown. Higher molecular weight conjugates of ubiquitin (Ubi-Aurora B) are marked by the bracket.
(E) Extracts prepared from control or Cul3-depleted HeLa cells (Inputs) treated with MG132 were immunoprecipitated with Aurora B (Aurora B-IP) or
nonspecific control antibodies (Control-IP). The immunoprecipitates were analyzed by immunoblotting with antibodies to ubiquitin (upper panel) and
Aurora B (lower panel). Higher molecular weight conjugates of ubiquitin (Ubi-Aurora B) are marked by the bracket.
(F) Recombinant Aurora B was added to in vitro ubiquitylation reactions with or without GST-Cul3/Rbx1 complexes and the His-KLHL9 and His-
KLHL13 substrate adaptors, which were expressed and purified from insect cells (Figure S7B). Recombinant E1 and E2 enzymes were present in
all reactions, while ubiquitin was added as indicated. Reactions were incubated for 1 hr and analyzed by immunoblotting with antibodies to the
indicated proteins. Higher molecular weight conjugates of ubiquitin (Ubi-Aurora B) are marked by the bracket. The intensity of the slower migrating,
ubiquitylated Aurora B species was quantified, and is shown as relative pixel intensities (arbitrary units) above the lanes. Lanes 1 and 2 were used to
deduce the background (B).896 Developmental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc.
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The Cul3 E3 Ligase Regulates Mitotic ProgressionFigure 7. A SpeculativeModel of How theCul3/KLHL9/KLHL13 Complex RegulatesMitotic Progression and Cytokinesis in Human
Cells
(A) The dynamic localization of the chromosomal passenger Aurora B during mitosis is regulated by the activity of the Cul3/KLHL9/KLHL13 E3 ligase
complex, presumably by Aurora B ubiquitylation. This mechanism may trigger the removal of Aurora B from mitotic chromosomes.
(B) The dynamic behavior of Aurora B on mitotic chromosomes may allow proper chromosome attachment and alignment in mitosis, stabilization of
the central spindle, and completion of cytokinesis.
(C) In the absence of the Cul3/KLHL9/KLHL13 E3 ligase, Aurora B is not ubiquitylated, and as a consequence remains active on segregating anaphase
chromosomes. This defect prevents the formation of an organized anaphase spindle and the midbody, thereby inhibiting cytokinesis.of evidence suggest that chromosomal Aurora Bmay itself
be targeted for ubiquitylation by the Cul3/KLHL9/KLHL13
E3 ligase. First, Aurora B physically interacts with the
Cul3/KLHL9/KLHL13 complex in vivo, and directly binds
to the Kelch repeats of KLHL9 and KLHL13 in vitro. Be-
cause the KLHL9 and KLHL13 adaptors stably bind to
Cul3 throughout the cell cycle, their mitosis-specific inter-
action with Aurora B may be additionally regulated in vivo.
Second, Aurora B is ubiquitylated in vivo in a Cul3- and
KLHL9/13-dependent manner, and reconstituted Cul3/
KLHL9/KLHL13 complexes are able to ubiquitylate Aurora
B in vitro. Although these data establish a strong func-
tional and physical link between Cul3/KLHL9/KLHL13
and Aurora B, the identification and characterization of
a nonubiquitylatable Aurora B mutant will now be required
to rigorously test the proposed model.
Functional Consequences of Altered Aurora B
Localization on Chromosomes
Aurora B dynamically associates with kinetochores in
metaphase, dissociates at anaphase onset, and accumu-Developlates on the spindle midzone and midbody. Our results
suggest that ubiquitylation of Aurora B might serve as
a signal for its removal from chromosomes (Figure 7). In-
terestingly, available evidence indicates that adaptors of
the AAA-ATPase p97 specifically interact with ubiquitin
conjugates and, like the Cul3 ligase, are implicated in re-
moving components of the chromosomal passenger com-
plex from mitotic chromosomes (Vong et al., 2005). Thus,
we speculate that ATP hydrolysis by p97 provides the
necessary force to extract ubiquitylated Aurora B from
mitotic chromosomes. The fate of ubiquitylated Aurora B
after this step is less clear. As p97 associates with deubi-
quitylating enzymes (Halawani and Latterich, 2006), it is
possible that dissociated Aurora B is rapidly deubiquity-
lated and able to relocalize to the spindle midzone. In
fact, inhibition of the deubiquitylating enzyme hFAM re-
sults in similar defects in Aurora B and Survivin localization
to mitotic chromosomes and in chromosome misalign-
ment in mitosis (Vong et al., 2005). In the absence of Cul3/
KLHL9/KLHL13 activity, Aurora B is not ubiquitylated
and may thus accumulate on chromosomes because themental Cell 12, 887–900, June 2007 ª2007 Elsevier Inc. 897
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tively, however, ubiquitylated Aurora B may be removed
from chromosomes by a mechanism that involves protea-
somal activity. Consistent with this possibility, the addition
of proteasome inhibitors after anaphase onset mimics the
mitotic defects observed after depletion of Cul3/KLHL9/
KLHL13 activity. Moreover, overexpression of Aurora B
in vivo interferes with chromosome segregation in ana-
phase (Ota et al., 2002) and prevents cytokinesis (Tatsuka
et al., 1998), implying that both loss and gain of Aurora B
function may interfere with mitosis.
Irrespective of the underlying mechanism, our results
suggest that continuous removal and recruitment cycles
of Aurora B during metaphase may be required for its
function during mitosis (Figure 7), consistent with pub-
lished FRAP measurements (Murata-Hori and Wang,
2002a). Modulation of Aurora B levels on chromosomes
during metaphase could partly account for the regulation
of its kinase activity toward MCAK and CENP-A, thereby
ensuring proper kinetochore attachment and chromo-
some alignment (Ditchfield et al., 2003; Hauf et al., 2003;
Murata-Hori and Wang, 2002b). Failure to dissociate Au-
rora B from chromosomes may prevent its relocalization
to the midbody. Alternatively, as Aurora B unable to
dissociate from mitotic chromosomes remains active,
phosphorylation of an unknown target may prevent the
assembly of the spindle midzone and completion of
cytokinesis.
Although the Cul3/KLHL9/KLHL13 E3 ligase locally reg-
ulates Aurora B during metaphase and anaphase, it has
been reported that the bulk of Aurora B protein is targeted
for degradation by APCCDH1 at the end of mitosis (Nguyen
et al., 2005; Stewart and Fang, 2005). As Cul3 is not re-
quired for APCCDH1 activity, two distinct ubiquitin ligases
regulate different pools of Aurora B in space and time,
and thereby orchestrate proper mitotic progression. Other
examples of ubiquitylation of single substrates by different
E3 ligases also exist (Nishitani et al., 2006).
In conclusion, we propose that chromosomal Aurora B
is directly regulated by the Cul3/KLHL9/KLHL13 E3 ligase
during mitosis, and imply that defects in Aurora B ubiqui-
tylation inhibit proper chromosome attachment to the
spindle in metaphase and completion of cytokinesis (Fig-
ure 7). Thus, the Cul3/KLHL9/KLHL13 E3 ligase is a crucial
regulator of chromosome segregation and cytokinesis,
and may link these molecularly and structurally distinct
steps in space and time.
EXPERIMENTAL PROCEDURES
Additional experimental procedures can be found in Supplemental
Data.
Cell Culture and Synchronization
HeLa cells were grown in Dulbecco’s modified Eagle’s medium, sup-
plemented with 10% fetal calf serum, 0.2 mM L-glutamine, 100 U/ml
penicillin, and 100 mg/ml streptomycin. Thymidine arrest and release
experiments were performed as described previously (Sumara et al.,
2004). Transfection mixtures containing Cul3, KLHL9, and KLHL13
siRNAs were added at the time of the second thymidine arrest, and898 Developmental Cell 12, 887–900, June 2007 ª2007 Elseviethe cells were released after 16 hr. Hydroxyurea (Sigma-Aldrich,
Buchs, Switzerland) was used at 2 mM and nocodazole (Sigma-
Aldrich) at 300 nM final concentration. For proteasome inhibition,
MG132 (Sigma-Aldrich) was added to the medium at 50 mM final
concentration.
RNAi and Transfection Experiments
Synthetic sense and antisense oligonucleotides were obtained from
VBC Genomics (Vienna, Austria). The annealing of siRNA oligos was
performed according to the instructions of Dharmacon (www.
dharmacon.com), and transfections were performed using Oligofect-
amine reagent (Invitrogen, Basel, Switzerland). For control transfec-
tions, the same annealing reaction was set up using H2O instead of
siRNA oligos, or in some cases using nonsilencing oligos (Microsynth,
Balgach, Switzerland). The full list of siRNA oligos used in this study is
provided in Table S2.
cDNAs and Antibodies
GFP-Aurora B cDNA was a generous gift of M. Hori (Temasek Life
Sciences Laboratory, Singapore). The cDNA for Cul3 (KIAA0617)
was provided by Kazusa DNA Research Institute (Chiba, Japan).
[35S]methionine-labeled Cul3 protein was expressed in rabbit reticulo-
cyte lysates using a coupled transcription-translation kit (Promega,
Wallisellen, Switzerland).
Peptide antibodies against Cul3, KLHL9, and KLHL13 were raised
in rabbits (Eurogentec, Seraing, Belgium). To allow covalent coupling
to keyhole limpet hemocyanin, a Cys residue was added to the N
terminus of all peptides. The following peptides were used: Cul3, C-
QGESDPERKETRQKVDDDRKHEIE; KLHL9, C-SPSRESPLSAPSDHS;
and KLHL13, C-ETTPSPSRESPLSAP. All rabbit antibodies were
affinity purified.
The list of additional antibodies used in this study can be found in
Supplemental Data.
Purification of Cul3 Complexes and In Vitro Ubiquitylation Assay
Recombinant plasmids pFastBac-Hta-KLHL9 and -13 were obtained
by subcloning KLHL9 and -13 DNA fragments (EcoRI-PstI) into pFast-
Bac-Hta (Invitrogen). Baculoviruses expressing recombinant 63His-
KLHL9/13 were generated using the bac-to-bac method (Invitrogen).
For purification of Cul3 complexes, Sf9 insect cells were coinfected
with equal amounts of baculoviruses expressing human GST-Cul3,
Rbx1, His-KLHL9, and His-KLHL13 proteins, and cells were resus-
pended in lysis buffer (25mMHEPES [pH 7.4], 250mMNaCl, 0.2% Tri-
ton X-100, 2 mM EDTA, 1 mM DTT, 5 mM MgCl2, 10% glycerol). Pro-
teins were bound to GSH beads for 2 hr at 4C and the beads were
washed five times with lysis buffer. Bound proteins were eluted with
elution buffer (100 mM glutathione, 500 mM Tris-HCl [pH 8], 250 mM
NaCl, 0.25% Triton X-100, 2 mM DTT), dialyzed, and concentrated.
The purity and the protein concentration of the complexes were esti-
mated by SDS-PAGE and Coomassie blue staining.
For the in vitro ubiquitylation assay, 1 mg Cul3 E3 ligase was in vitro
neddylated for 15 min at room temperature in mixtures containing
10 mg recombinant Nedd8, 0.5 mg Nedd8 E1 (APPBP1/Uba3), 0.5 mg
Nedd8 E2 (UbcH12), and reaction buffer (50 mM HEPES [pH 7.4],
2 mM NaF, 0.6 mM DTT) containing 13 energy regenerating solution
(Boston Biochem, Cambridge, MA). Two micrograms of recombinant
Aurora B, 15 mg of recombinant ubiquitin, 500 ng of recombinant rabbit
E1, and 500 ng of E2 (UbcH5c), and 13 Mg-ATP solution (Boston
Biochem) were added and incubated for a further 1 hr at 30C. All
recombinant proteins were purchased from Boston Biochem. The re-
actions were terminated by addition of SDS-containing loading buffer,
boiled for 5min at 95C, and the proteins were analyzed by SDS-PAGE
and immunoblotting.
Supplemental Data
Supplemental Data include seven figures, two tables, and Supplemen-
tal Experimental Procedures and are available at http://www.
developmentalcell.com/cgi/content/full/12/6/887/DC1/.r Inc.
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